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SUMMARY

Thesignificanceoftensflestrengthandductilityinthepre-
senceof defectsandthestrength-reducingeffectsof severaltypes
of defectwereinvestigatedforsomerotatingdisks.Thetypesof
defectinvestigatedincludedlaminar-typeirregulsxities,eutectic
melting,andshrinkporosity.

Strengthsofdiskscontdninngirregularitiesincreasedwith
increasingtensilestrengthof similsrmaterialfreefromirregulari-
tiesindependentlyofductilityatductilitiesin excessof14.9-percent
elongation.Thebestcompromisebetweentensilestrengthandductility
inmaterialcontatingshrinkporosityoccurredat6.8-percent
elongation.

Diskshastinglsminar-typeirregularitiesatductilitiesabove
14.9-percentelongationexhibitednolossinstrengthduetothe
irregularities.At O.O-percentelongation,thesameirregularities
produceda lossin strengthof42percent.A materialpossessing
eutecticmeltingsuffereda 23-percentlossin stiengthat2.8-and
at14.O-percentelongation.Thelossin strengthdueto shrink
porosityvariedfromanaverageof26percentat37.5-percentelonga-
tionto58percentat2.4-percentelongation.

INTROIXKTIO1’i

A significantquestiontobe consideredin thespecificationof
chemicalcompositionandmecha@calandthermaltreatmentofrotor
disksis thecompromisebetweentensilestrengthandductility.High
ductilityisusuallyconsidereddesirableforovercomingstress
concentrationsassociatedwithrotordesignordefectsthatsometimes
resultfromthefabricationprocedure.Theattainmentofhighduc-
tilitycan,however,usuallybe achievedonlybysacrificein tensile.

.
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strength.Informationontheoptimumcombinationoftensilestrength
andductilityfordisksinwhichvarioustypesof stressconcentrations
areexpectedwouldthereforebe veryuseful.

An investigationoftherelativeinfluenceoftensilestrength
andductilityontheburststrengthofrotatingdiskswithandwith-
outcentralholesis describedinreference1. Thematerialsstudied
in thatinvestigationwerefreeofdefectssothattheonlystress
concentrationsinvolvedwerethoseassociatedwithdiskgeometryj
suchas centralholes.Undertheseconditions,at ductilitieshigher
thanqqrc@mately3 percentelongation,theprimaryvariableaffecting
theburst- strengthofa diskwasfoundtobe thetensilestrengthof
thediskmaterial.

Thestressconcentrationsassociatedwithdefectsaregreater
thanthoseofmachinedroundcentralholes.Hence,itmightbe expec-
tedthattheoptimnncotiinationoftensilestrengthandductilityfor
diskscontainingdefectsmightoccurat ductilitiesgreaterthan
3-percentelongation.Whilestudieshavebeendescribedinvolving
defectsinvarioustypesofrotor(references2 .aud3),no information
apparentlyexistsintheliteratureona systematicevaluationofthe
preciseweakeningeffectsofvarioustypesofdefectandon thesigni-
ficanceof ductilityinovercomingthesedefectsforrotorapplication.

Inthepresentreporton an investigationconductedat theITACA
Lewislaboratory,datawillthereforebe presentedonthestren@h-
reducingeffectsofvariousty_pesof irregularityat variousductil-
itiesandontheoccurrenceofanoptimumcompromisebetweentensile
stren@handductilityinthepresenceof thesedefects.Datawill
be presentedforqualitativelydissimilarirregularitiesconsistingof
laminardiscontinuitiesinvolvlngchemicalsegregations,eutectic
meltinginvolvingextremelysmallandfinelydisperseddiscontinuities,
andshrinkporosityinvolvingrathercoarsevoids.In thisinvesti-
gation,ductilitywasvariedovera widerangeby suitableheat
treatment.

DISKDESIGIU3

Diskswerefabricatedaccordingto thetwobasicdesignssketched
infigure1. Allthediskshadparallel.sides,had10-inchoutside
diameters,andwere3/8inchthick,exceptthedisksofberyllium
copper,whichvariedinthicknessbetween0.497and0.570inch.The
methodof supportingthedisksduringspinningandtheexperimental
equipmentusedaredescribedinreference1.

.
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MATRWALDEFECTS

Forallthecasesinvestigated,defectswerealwaysdistributed
to includethecentralregionofthedisk.Becausethemaximum
nominalstressesoccurin thecenter,thede~ectswerealwaysina
regionwheretheirinfluencewouldbe significant.

Laminar-TypeIrregularities

Theage-hardenable18-8stainlesssteelwasheat-treatedtothree
conditionsofductility,namely,14.9-percentelongation(tensile
strength,123,600lb/sqin.)obtainedby solutiontreatient;17.6-
percentelongation(tensilestrength,163,900lb/sqin.)obtainedby
overagingjandO.O-percentelongation(tensilestrength,230,300
lb/sqin.)obtainedby agingtoproducehigh-strengthproperties.

Duringinspectionof.theforgings,similarsmallindications
werealwaysfoundwiththemagnetic-particleinspectionmethod.
Magneticparticlesona diskwitha machinedfinishareshownin
figure2. No irregularitiesinmachineddiskswereobservedby radio-
graphicinspection.

A phdomicro~aphintheregionof oneoftheseindicationsis
showninfigure3. Thetypeof irregularitythatproducedtheindica-
tionsobservedwithmagnetic-particleinspectionis showngreatly
enlargedby thebandof darkparticlesextendingacrosstheupperpart
ofthephotomicrograph.Thebandprobablycontainsse~egationsof
inclusionsandundissolvedcarbides.Thenarrowwell-definedbandsin
thelowerpartoffigure3 areprobablydeltaferrite.Photomicrographs
ofthealloyintheoveragedcontitionandwhenagedformaximum
strengthpropertiesarepresentedinfigures4(a)and4(b),respec-
tively.Thedarksquare-shapedareasarehardnessimpressionsmade
witha Vickerstypediamondpyramidindenterina Tukonmicrohardness
tester.Thehardnessis conventionallyregardedasbeinginversely
proportionaltothediagonalsoftheimpressionssquara. Whenthese
impressions(fig.4) arecompared,itmaybe seenthatthesegregated
areasaresofter(havelargerindentations)thanthematrix,although
infigure4(a)thematrixhasbeenoveraged.Thesegregationsinthe
age-hardenable18-8stainlesssteelareprobablyareasdeficientin
thesolutephasebecauseofthetwinnedstructure(fig.4(a))char-
acteristicof theface-centeredcubic(austenitic)phaseinironand
furthermore,thehardnessofthesesegregatedregionsdidnotpercep-
tiblyincreasewithaging,asdidthematrixandthedeltaferrite
regions.Thedeltaferritedoesnotappesrto constitutea serious
metallurgical“notch”asthehardnessofdeltaferriteandthematrix
areapproximatelythesameas shownby thehardnessimpressionsof
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figures4(a)and5. Theaustenitiqregionsprobablybecomesevere
stressraisersastheductilityofthematrixisdecreasedfrom .
17.6-percentelongationto O.O-percentelongation.Thepresenceof
carbidesorinclusionsmaycontributetotheeffectivenessofthese
regionsas stressraisers. b

3
Aphotomicrographshowingtheirregularitiesandtheforging

N

flowlinesin thecentralareaofa diametrsJ_sectionofa disk,as
broughtoutby etching,ispresentedinfigure6. A similarlaminar
patternappearedinthefracturedsurface,asis shownby figure7.
Figures6 and7 suggestthattheorientationoftheseirregularities
wassuchastohavea detrimentalinfluenceondiskstrength,inasnmch
asthelaminationscurveintothehighlystressedcentral.regionof
thedisksurfacesothattheyarenolongerparalleltothedirection
ofmaximumstress.Cracksobservedina diskfragment(fig.5) sug-
gestthataftera crackwasinitiatedinthecentralregionina
segregatedarea(fig.8),thecrackspropagatedalongthedelta-ferrite
grainboundaries.

Radiographic
alloyshowedthat

EutecticMelting

inspectionofthecastdisksofa magnesium-base
theycontainedirregularities,whichextendedover

an areaequalto30to 50percentoftheimageandwereconfinedto a
singlesegmentofthedisk.Rcomtheradiographiccontrast,it is
estimatedthattheirregularitiescouldhavebeencausedby micro-
sbrinkageorby eutecticmelting.Figure9(a)revealstheseirregu-
laritiestobe discontinuitiescausedby eutecticmelting.These
Uscontinuitiesaredifferentiatedfromthosecausedby microsbrinkage
by thepresenceofprecipitateup tothevoids.Microshrinkagecauses
a generallackofprecipitatearoundthevoids.Theregionfreefrom
suchirqegulsritiesisil.lustratedbyfigure9(b).

ShrinkPorosity

Thecastdisksofberylliumcoppercontainedshrinkporusity
confinedtooneirregularcentralregionofthedisk.Thisporosity
wasof fairlyuniformintensityfromdiskto disk.A typicalradio-
graphis showninfigure10(a).AS shownbyfigures10(b)and
1O(C),theprous regionswerelargein comparisonwiththedisk
thickness,butas sho~minfigure10(a),theProus regionswere
smallin comparisonwiththetotaldiskvolume.
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Conventionalmethodsofmaterialtestingwereusedinmeasuring
mechanicalproperties,whicharegivenin tableI. Thetestsections
ofthetensilespecimenswereas shownby figure4 ofreference1.
Inallcases,tensilespecimensweretakenfromdisks~oduced
in thesamemanneras theburstdisks.

Fortheage-hardenablestainlesssteelhavingsignificant
ductility,thestrengthofeachtensilespecimenagreedwiththe
averagevalueofthegroupwithina madmumdeviationof1.6percent
andshowedno significanteffectoftheirregularities.Theaverage
valueswerethereforeregardedasrepresentingthestrengthofthe
materialasunaffectedby irregularities.

Fortheage-hardenablestainlesssteelhavingnomeasurable
ductility,a totalofeighttensilespecimensweretakeninrandom
directionsfromthecentralregionsoftwodisks.Thestrengthsof
individualspecimensvariedfrom168,800to 230,300poundspersquare
inch.A largevariationwouldbe expectedat zeroductilitybecause
of theisolatedmannerinwhichthestringer-typeirregularities
curvedintothesurfaceofthedisk(figs.2 and7). Thehimest
valueoftheseriesof tensilevaluesat O.O-percentelongation
(230,3001b/sqin.)wasregardedas anapproximationtothestrength
ofthematerialasunaffectedby defects.

Forthecastmagnesiumcontainingeutecticmelting,andforthe
berylliumcoppercontainingshrinkporosity,thepropertiesofthe
materialasunaffectedby defectsweredeterminedby averagingresults
oftensilespecimensselectedfromre@.onsindicatedtobe soundby
radiographicinspection.

SIGllll?CCN!K!lIOFlXlCTIL171YINPRESENCEOFVARIOUS

TYPESOFDEFECT

Thestrengthofthedisksisreportedintermsofthecalculated
elasticstressatburst.Thesignificmceof thisparameteris d3.s-
cussedinreference1. Theelasticstressatburstisthemaximum
stressina solidparallel-sideddiskcalculatedfortheobserved
burstspeedandis thereforeproportionaltothesquareoftheburst
speedandtothedensityofthematerial,andisbasedon theorigin&1
dimensionsofthedisk.Thecalculatedelasticstressatburstis a
measureoftheleadsustainedby thediskmaterialup to thepofnt
afbursting,andisthereforea usefulprameterformeasuring
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theeffectsoftensilestrengthandductilitywhen
tigatedvaryindensity.Thecalculatedstressat
indexofthemeritofa materialforrotating-disk
itinvolvestheproductofburstspeedsquaredand
burstspeedor theburstspeedsquaredalonewould
indexofmerit.

l?ACATN 2397

thematerialsinves-
burstisnotan
applicationbecause
thedensity;The
be a satisfactory

Inreference1,a relationbetweendiskstrengthandtensile
strengthis stronglypredominantandplotsofdisksstrengthdivided
by tensflestrengthagainstductilityshowno observableinfluenceof
ductility.Presumably,ductilityisa factorinthestrengthofany
structurecontainingdefects.Thematerialadjacentto thedefects
undergoesplasticflowandconsequentstressreliefinthevicinity
of stressconcentrations.Ininvestigatingthepossibleinfluence
ofductilityona correlationbetweenthestrengthofdiskscontaining
defectsandtensilestrength,theassumptionwasmadethattheductil-
ityofthematerialadjacenttobutnotincludingthedefectsis sig-
nificantandthereforetheductilityof soundmaterialisreportedin
alJcases.Theductilitywasmeasuredontensilespecimenstakenfrom
regionsunaffectedby defects.

Strengthsofdiskshavinglaminar-typedefects,eutecticmelting,
andshrinkporosityareplottedagainstthecorrespondingtensile
strengthof soundmaterialinfigureIl. Therelationpreviously
established(reference1)fordisksof soundmaterialandmoderate
ductilityis shownbythestraightline. (Thedataforsounddisksof
reference1 weld anaveragevalueof1.152fortheratioofdisk
strengthtotensilestrengthforsolidparallel-sideddisks.)The
diskspossessinglaminar-typedefects(fig.U(a)) increasedin
strengthwithincreasingtensilestrengthforductilitiesin excess
of14.9-percentconventionalelongation.Whenthetensilestrength
wasfurtherincreased(witha totallossofmeasurableductility),a
seriouslossofdiskstrengthoccurred.Thedatapointsfordisks
containingeutecticmelting(fig.n(a)) ShOW no significanteffect
onthediskstrengthduetoa changein ductilityfrom2.8-to
14-percentelongation.Similarly,figurel.l(b)showsno significant
changeindiskstrengthdueto a changefrom2.8-to14.O-percent
elongationforthediskscontainingeutecticmelting.Thedisks
havingshrinkporosity(fig.n(b)) showedincreasedtiskstrength
withincreasingtensilestrengthuntil~ diskstrengthwas
reachedat a ductilityof 6.8-percentelongation,afterwhichfurther
increasein tensilestrengthreducedthediskstrength,corresponding
toa decreaseinductilityto2.4-percentelongation.Thestraight
linecorresponds.toanaveragevalueof 0.935fortheratioofdisk
strengthtotensilestrengthpreviouslyobservedforsounddisks
withl>inch-diametercentralholes.

c,
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Forthesoliddisksl&vcLngmeasurableductility,theratiosof
N diskstrengthtotensilestrengthweredividedby 1.152(theaverage
g ratioofdiskstrengthtotensilestrengthofreferencel)j forthe

diskstithholes,theratiosofdiskstrengthtotensilestrength
wereditidedby 0.935(theaverageratiooffiskstrengthtotensile
strengthofreference1) andthesevalueswereplottedagainstductil-
ityinfigure12. Forsoliddisksof zeroductility,a valueofunity
couldbeexpectedfortheratioofdiskstrengthtotensilestrength,
andhencethevaluesofdiskstrengthdividedby tensilestrengthwere
plotteddirectlyonfigure12 fortheage-hsrdenable18-8stainless
steelwithnomeasurableductility.

Thesevalueswereallplottedon thessmecoordinatesunderthe
assumptionthattheratioofthestrengthofa diskwitha holetothe
strengthofa soliddiskestablishedinreference1 wouldapplytothe
presentinvestigationwherethediskswithholeshaveirregularities
similarto thoseof thesoliddisks.Inallcasesfora givenmaterial,
theordinatesforthesoliddisksliewithinthesameregionasthe
datafordiskswithholes.

Theoccurrenceofplottedpointsoffigure12withordinatevalues
significantlylessthanunitycanbe attributedtothestrength<educ-
ingeffectofthedefects.Thegreatestlossin strength(average
of58percent)occursforthediskcontainingshrinkporosityand
havinga ductilityof2.4-percentelongation.Increasingductility
to37.5-percentelongationsteadilyreducestheinfluenceof the
defects(averageof 26-percentreductionin strengthat37.5-percent
elongation).

Theaveragelossin strengthforthediskswithlaminar-type
irregularitiesandnomeasurableductilitywas42percentwhencompared
withanexpectedvalueofunityfortheratioofdiskstrengthto ten-
silestrength.Heattreatmentsproducinga ductilityequaltoor -
exceeding14.9-percentelongationgavedatapointslyingabovethe
lineestablishedby previousdatashowing%hatinthepresenceof
ductilityin excessof14.9-percentelongation,theparticularlaminar-
typeirregularitiesinvestigatedproducednolossofdiskstrength.

Thelossin strengthcausedby eutecticmeltingisaboutthesame
forthematerialof 2.8-percentelongationas forthematerialof
14.O-percentelongation;andtheaveragelossin strengthas compared
withpreviouslyestablishedratiosofdisk”strengthtotensilestrength
was23percent.

.——-- —- _.— — —-.-—-—- ———.—--—.
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Theresults
tensilestrength

SUMMARY

obtainedfroman
andductilityin

ricationdefects,andtheresults

u

OFRESULTS
.

investigationoftheinfluenceof
.

thepresenceofmaterialandfab- N
obtainedfromaninvestigationof UJd

thestrengthreducingeffectsof someparticulardefectsareasfollows: N

1. Theinfluenceoftensilestrengthandductilityondisk
strengthin thepresenceofdefectswassuchthatintwocasesan
optimmcompromisebetweentensilestrengthandductilityoccurred
ata ductilitylessthan15-percentelongation.Ina thirdcase,no
influenceof ductilitywasobserved.Inparticular:

(a)Disksforgedfromanage-hardenable18-8stainlesssteel
havinglaminar-typeirregularitiesincreasedin strengthwithincreasing
tensilestrengthforductilitiesin excessof14.9-percentelongation.
Whenthetensilestrengthwasfurtherincreased(witha totallossof
measurableductility)a seriousreductionin diskstrengthoccurred.

(b)No significantvariationin strengthwasobservedforcast
disksof a magnesium-basealloypossessingeutecticmeltingwhendue- ~

.

tilitywaschangedfrom14-to2.8-percentelongationwithtensile
strengthremainingessentiallyconstant. ..

(c)Castdisksofberylliumcoppercontainingshrinkporosity
increasedindiskstrengthwithincreasingtensilestrengthuntilthe
highestdiskstrengthobservedoccurredwitha ductilityof6.8-percent
elongation.Below6.8-percentelongation,thediskstrengthdecreased
despitetheincreasedtensilestrength.

2. Whencomparedwithperformancepreviouslyobservedfordisks
notcontainingirregularities,lossesindiskstrengthforthedefects
investigatedvariedfrom23percentto58percent.Inparticular:

(a)Disksforgedfroman age-hardenable18-8stainlesssteelwith
laminar-typeirregularitiesatductilitiesabove14.9-percentelonga-
tionsufferednolossin strengthduetotheirregularities.At
O.O-percentelqgation,thesameirregularitiesproduceda reduction
in strengthof42percent.

(b)Eutecticmeltingindiskscastfroma magnesium-basealloy
produceda 23-percentlossin strengthat 2.8-andat14,.O-percent
elongation.
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(c)Thelossindiskstrengthdueto shrinkporosityvariedfrom
anaverageof26-percentat37.5-percentelongationtoanaverageof
58-percentat 2.4-percentelongationforcastdisksofberyllium
copper.

Lewis.FlightPropulsionLaboratory,
NationalAdvisoryCommitteeforAeronautics,

Cleveland,Ohio,January24,1951.
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‘IM&El- DISKMUTEKULS,PROl?ERT~S,ANDDFSIGl!LS
INVESIXI-

Material TensileProperties Disk
design

Ultimatestrength Ductilityof
of Sound material

sound material. (~rcent
(lh/sq.in.) e10 tion)

T)c

Castberyllium 154,500 2.4 (a)

copper 148,300 6.8 (a)

81,200 24.4 (a)
.

67,600 37.5 (a),(b)

Forgedage- 230,300 0.0 (b)
hardenable
18-8stainless 123,600 14.9 (b)
steel

163,900 17.6 (b)

Castmagnesium 36,600 2.8 (a),(b)
basealloy

37,400 14.0 (a),(b)

‘%iskwithl~in.-diam.centralhole(fig.l(a)).

bSoliddisk(fig.l(b)).
‘1-~h @ge length,l/4-inch-diameterspecimen*

———....
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(a) Dfsk With +lnch-diameter Oentral hole.
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(b) Solid di6k.

I
Figure 1. - Disk deslgm, (Dimen810n;a~o~;e:;)0.570.Thiolmes~ of cast beryllium copper diaka
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Figure2.- Centrallyl.ooatedrmgnetic-~tole~catimmon.mufaoe& solution-treated
age--enable18-8stainless-steeldisk.

. —- .- — -— .—— — — ---



.

.

— — .- -— ———.



5

L

15

.

.

,.

-*
.’ ●

) .
.,

l“--
#-b ‘“ .~’..“.

..-, “*:, .
..’‘ .“..,>’‘h

Figure3. - Se~gatio~ observedin sxeadisclOSedby maguetic-pfiiclei.ndicati-of
solution-treat-age-hardenable18-8stainless-steeldiskshownin figure2. Electro-
lyticalMetchedtioxalicacid;X23).
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?-27227

(a)Overagedspecimen;tensilestra@% la,9@ P* Per sve ~h.

Figure4. - Tukonmicrohardness.w.n7veymadein segregatedareaof age-hmdenable18-8
stainless-steeldiskelectroWticaJJYetchedIn axallcacid;X250.
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(b)Hi@ hardnessspec~n; tensilestrength,230,3cQwunda per SqIEUW mh.

Figure4.-concluded.Tukonmicrohartiesssurveymadeinsegregatedareaofage-hard~le
18-8sta~ess-steeldiskelectio~ic~ etchedin oxalicacid;X23O.
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Figure5. - Crackpropagationalongdelta-ferritegrains
l&5,900lb/sqin.) sge-tienable18-8stainless-steel
areT&cm microhardnessimpressions.ElectrolyticaUy

C-27~30

ofaveraged(tensilestrength,
disk.Darksquare-shapedareas
etchedInamlicacid;X500.
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?ipyre6. - Segregatimincentralareaofoversgedage-hardemble18-8staimless-steel
disk.Btch~t,~on; w.

— . . ..
Figure7.- Diskfractureillustratingunfavorableorientationofsegregatedarea

approachingsurfaceatcenterofage-hsrd-k 18-8stainless-steeldisk.
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t.

Figure8. - Crackpropagaticmin segregatedareanearcenterof overaged(tensilestrength,
163,900}b/qqin.) age-hardenableM-8 skinless-steeldisk.Electrolyticallyetchedin
Oxallc&id; Xx0.
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(a)Eutecticmeltingin semicircularregionofIU.sks.

Figure9. - Castmagnestum-elloyE&k .wl.ution-treatedandaged.R-chant,ethylene
glycolplusl-percentnitricacidandwater;X250.
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(b)Outerareaofdialmthatappearsound.

Figure9.- Conoluded.Castmagnesium-alloydisksolution-,tzwted.
glyoolplusl-peroentnitrfaaoidandwater;X250.

Etohmt,ethylene
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C-27235,

(a)F@diwaph oftwicd.shrinkagearea.

FigureM).- (!astb~llim COPP= disk.
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(b)Sbrlnkageareaasrevealedby fracture. ,

Figure10.- Continued.Castberylliumcopperdisk. .
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(c)Enlargedview ofshrinluweareashowninfigure10(b)jU.

Figme 10.- Concluded.Castberylliumcopperdisk.
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Material Irregulsxity
o CastberylliumShrink

copper porosity
❑ Magnesium- Eutectic

baseallOy melting

17.6
200(IC3 v

~ Averagefordefect-
14.9 freedisks(refer-

160— — — — — — — ~ence1

0
0.0 ~

120 0r

/
80

40

/

-

0 40 80 120 160 200 240x103
Ultimatetensilestrengthof soundmaterial,lbisqin.

(a)soliddisks.
Figure11.- Relationbetweendiskstrengthatburstandultimateten-
silestrengthofmaterialremotefromareaofdefects.Values
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